Human immunodeficiency virus (HIV) replication is linked to cellular gene transcription and requires target cell activation. The latent reservoir of HIV-1 in quiescent T cells is thought to be a major obstacle to clearance of infection by highly active antiretroviral therapy (HAART). Thus, identification of agents that can induce expression of latent virus may, in the presence of HAART, allow elimination of the infected cells by the immune response. We previously used the SCID-hu (Thy/Liv) mouse model to establish that activation-inducible HIV can be generated at high frequency during thymopoiesis. Latently infected mature thymocytes can be exported into the periphery, providing an efficient primary cell model to determine cellular activation signals that induce renewed expression of latent virus. Here we characterized the effects of prostratin, a non-tumor-promoting phorbol ester, on primary human peripheral blood lymphocytes (PBLs) and assessed its ability to reactivate latent HIV infection from thymocytes and PBLs in the SCID-hu (Thy/Liv) model. Prostratin stimulation alone did not induce proliferation of quiescent PBLs; however, it could provide a secondary signal in the context of T-cell receptor stimulation or a primary activation signal in the presence of CD28 stimulation to induce T-cell proliferation. While prostratin alone was not sufficient to allow de novo HIV infection, it efficiently reactivated HIV expression from latently infected cells generated in the SCID-hu mouse. Our data indicate that prostratin alone is able to specifically reactivate latent virus in the absence of cellular proliferation, making it an attractive candidate for further study as an adjunctive therapy for the elimination of the latent HIV reservoir.
Highly active antiretroviral therapy (HAART) often reduces human immunodeficiency virus (HIV) viral loads below detection levels and can greatly prolong the time to progression to AIDS (21) . However, replication-competent HIV persists in latently infected resting CD4 ϩ T cells despite HAART (7, 10, 26) . It remains unclear to what extent the existence of viral reservoirs in latently infected resting T cells affects the prospects for long-term control or cure of HIV infection. The viral "rebound" that almost always occurs following cessation of HAART is largely due to residual replication that continues despite HAART (8, 11) . However, the lifetime of the latently infected resting T-cell reservoir suggests that it could ultimately prevent the eradication of HIV from an infected individual (9) . Given the lack of effective anti-HIV immune responses in infected individuals, even following effective HAART (2), long-lasting viral reservoirs represent a fundamental barrier to the eventual cure for HIV infection.
One proposed method to overcome this latent barrier is to induce the replication of HIV in latently infected resting T cells while preventing the spread of the newly produced virions to uninfected cells by providing HAART simultaneously (5, 15) . For this purpose, activation of the latently infected resting T cells would accelerate the rate of decay of this viral reservoir either by the cytopathic effects of replicating virus or by exposing these cells to immune surveillance as a result of the expression of viral antigens.
Prostratin is a phorbol ester isolated from Homalanthus nutans, a plant used by healers in Western Samoa as a traditional remedy for illnesses such as yellow fever (14) . Unlike many phorbol esters, prostratin is not tumor promoting (14, 23, 24, 25) . It has been demonstrated that prostratin activates the replication of HIV in two latently infected cell lines (13, 14) . However, a phorbol ester might not necessarily affect primary cells in the same manner as infected cell lines. Furthermore, these cell lines may not accurately reflect postintegration HIV latency in primary cells.
Recently, we reported that latently infected primary T cells can be generated in a severe combined immunodeficient mouse containing human fetal thymus and liver cells (SCID-hu [Thy/Liv] mouse) (4). During thymopoiesis, immature hematopoietic precursor cells undergo a series of replication, differentiation, and selection steps that result in the eventual export of mature CD4 ϩ and CD8 ϩ T lymphocytes into the peripheral blood. As thymocytes mature, the transcriptionally active immature cells become transcriptionally quiescent. We previously used the HIV-infected SCID-hu (Thy/Liv) mouse model to establish that reactivatible HIV can be generated at high frequency during thymopoiesis and that latently infected mature cells can be exported into the periphery of the animal (4). This provides a unique model to study agents that could potentially activate the latent T-cell reservoir. Therefore, to investigate the potential of prostratin to activate latent HIV infection, we evaluated the T-cell-stimulating activity of prostratin in primary cultures of human peripheral blood lymphocytes (PBLs) and in ex vivo cultures of latently infected human thymocytes and peripheral cells from the SCID-hu model.
MATERIALS AND METHODS
Isolation of quiescent peripheral blood cell population. Peripheral blood was obtained from healthy HIV-seronegative blood donors, and peripheral blood mononuclear cells were separated over a Ficoll-Hypaque gradient. Nonadherent cells were obtained after depleting macrophages by 3 h of adherence to plastic. The enriched quiescent T-cell population was purified as previously described (17) . Briefly, cells were incubated on ice with saturating amounts of antibodies to HLA-DR, CD14, CD19, CD25, and CD69 (Becton Dickinson, Mountain View, Calif.), washed extensively, resuspended in medium, and subjected to panning in goat anti-mouse immunoglobulin antibody (GAM; Sigma, St. Louis, Mo.)-coated flasks, resulting in depletion of cells expressing major histocompatibility complex class II antigen as well as depletion of B cells, macrophages, and previously activated T cells. Purified cells were 99% pure, as assessed by flow cytometry.
Cell cultures and conditions. Cells were cultured in RPMI 1640 supplemented with 10% human AB serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 2 mM glutamine. Cells were stimulated with several concentrations of prostratin, ranging from 100 nM to 10 M. In addition, cells were stimulated with 1 g of immobilized anti-CD3 monoclonal antibodies per ml or 0.1 g of soluble anti-CD28 per ml or costimulated with anti-CD3 and soluble anti-CD28 (Pharmingen, San Diego, Calif.), each at the above concentrations. In some cases, prostratin plus anti-CD3 stimulation was applied. For latency experiments, cells were cultured in the presence of 1 M zidovudine (AZT) and 100 ng of indinavir per ml to prevent virus spread to new target cells during stimulation.
Cellular proliferation. Cellular proliferation was assessed 3 days poststimulation by measuring DNA synthesis. A total of 10 5 cells were incubated for 4 h with [ 3 H]thymidine (10 Ci/ml) and harvested onto glass fiber filters with a Classic Cell Harvester (Skatron Instruments, Lier, Norway), and thymidine incorporation into DNA was measured with a liquid scintillation counter.
Flow cytometry for surface markers. To determine the expression levels of activation markers, 5 ϫ 10 5 cells were stained with monoclonal antibodies against CD69, CD25, and CD4 (Coulter Corporation, Miami, Fla.; Becton Dickinson). For these stainings, anti-CD69 monoclonal antibodies were conjugated directly to fluorescein isothiocyanate. Anti-CD25 was directly conjugated to phycoerythrin, and anti-CD4 was directly conjugated to phycoerythrin-cyanin 5.1. Cells were acquired on a Coulter Flow Center Flow cytometer (Coulter Corporation), and data were analyzed by using the CellQuest program (Becton Dickinson). Live cells were gated by using forward-versus-side scatter dot plots.
Cells from thymocyte cultures (see below) were stained with monoclonal antibodies specific for human CD4, CD8, and CD45 and murine CD24 (muCD24, expressed by an HIV reporter virus; see below) directly conjugated to phycoerythrin, peridinin chlorophyll protein, allophycocyanin, or fluorescein isothiocyanate (Coulter), respectively. Samples were analyzed on a FACSCaliber flow cytometer with the Cell Quest program (Becton Dickinson, Mountain View, Calif.). Forward-versus-side scatter profiles and 7-amino-actinomycin D deadcell exclusion were used to define the live population. These cells were further gated on the human CD45 ϩ population to exclude murine cells. Quadrants were set based on isotype controls from mock-infected cells.
Cell cycle analysis. A total of 5 ϫ 10 5 cells of each condition were stained for DNA and RNA content with 7-amino-actinomycin D and pyronin Y as previously described (17) . Briefly, cells were suspended in NASS buffer (0. 15 Real-time PCR. Cells to be subjected to real-time PCR were harvested and DNAs were extracted following exposure to urea lysis buffer and subsequent phenol-chloroform extraction as previously described (27) . Real-time PCR was performed to quantitate initiated and completed reverse transcripts. Amplification and detection were performed on an Applied Biosystems Prism 7700 sequence detection system with the Taqman reagent kit, following a protocol described in detail elsewhere (12) .
Infection of SCID-hu mice. SCID-hu mice were prepared by implantation of human fetal liver and thymus under the left renal capsule as previously described (1) . Thy/Liv implants were mock infected with medium or directly injected with virus stocks so that a total of 20 ng of the CXCR4-tropic reporter strain HIV NL-r-HSAs (16) or 50 ng of the CCR5-tropic strain HIV-1 JR-CSF (18) was introduced. In general, 1 ng of p24 contains approximately 100 infectious units.
Virus stocks were prepared by electroporation of cloned proviral DNA into CEM cells. p24 gag expression was assessed by enzyme-linked immunosorbent assay (ELISA; Coulter, Hialeah, Fla.) and used to quantitate virus titers and reactivation from latency.
Isolation of thymocytes and human peripheral blood mononuclear cells from SCID-hu (Thy/Liv) mice. Thy/Liv implants from HIV JR-CSF -infected, HIV NL-r-HSAs -infected, or uninfected SCID-hu mice were harvested 5 weeks postinfection, and single-cell suspensions of thymocytes were pooled in the presence of 100 ng of indinavir (Merck, West Point, Pa.) per ml. Thymocytes were then stained with mouse antibodies to human CD8 and subjected to negative selection by panning on flasks coated with goat anti-mouse immunoglobulin antibody (Sigma). Thymocytes from HIV NL-r-HSAs -infected implants were further stained with a rat antibody against murine CD24 and placed on rabbit anti-rat immunoglobulin antibody (Sigma)-coated flasks to remove productively infected cells. Thymocytes from uninfected implants were isolated and cultured in parallel as negative controls in all experiments. Purity was determined by flow cytometric analysis with different antibody clones than were used for cell isolation and resulted in greater than 99% CD8-and muCD24-depleted subsets.
Blood from SCID-hu mice was pooled, and peripheral blood mononuclear cells were isolated by flotation over a Ficoll-Paque gradient. Splenocytes from the same mice were pooled and isolated similarly.
RESULTS
Proliferative response of PBLs to prostratin. We used our highly purified population of quiescent T cells to study the effect of various concentrations of prostratin on the activation state of T lymphocytes. The range of these concentrations reflects plasma concentrations achieved in mice, in which no overt toxicity was seen (Michael R. Boyd, personal communication). We initially characterized the purified quiescent T-cell population for its ability to proliferate. For that purpose, we cultured highly purified quiescent T lymphocytes in the presence of various concentrations of prostratin and compared their proliferative responses to those of cells stimulated with anti-CD3 alone or costimulated with both anti-CD3 and anti-CD28 as well as to cells cultured in the absence of any stimuli. Figure 1 shows that, as was documented previously (17), the highly purified T cells did not proliferate in response to immobilized anti-CD3 alone. Similarly, these cells did not proliferate in response to treatment with various concentrations of prostratin alone. In contrast, following costimulation with anti-CD3 and anti-CD28, cells exhibited a greater than 30-fold increase in proliferation (not shown). However, the addition of increasing concentrations of prostratin to cells stimulated with anti-CD3 alone augmented the proliferation of these cells, with optimal levels of proliferation (greater than 20-fold) produced by 1 M prostratin. The addition of prostratin to cells costimulated with anti-CD3 and anti-CD28 had a minimal effect on the proliferative ability of these cells (data not shown).
Expression of cell surface activation markers. We then studied the effect of prostratin on the expression of the cell surface activation markers CD69 and CD25 in correlation with the activation state of the T cells. As shown in Fig. 2A , cells treated with concentrations of prostratin 1 M or greater upregulated only the expression of the early activation marker CD69, which has previously been correlated to progression of quiescent T cells from G 0 to the G 1 a phase of the cell cycle (17) . In contrast, cells stimulated with anti-CD3 alone exhibited an increase in CD69 expression, with a small subset of cells also demonstrating an increase in CD25 expression. The addition of increasing concentrations of prostratin to anti-CD3-stimulated cells potentiated the anti-CD3-induced expression of CD69 and substantially upregulated the expression of CD25
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on October 23, 2017 by guest http://jvi.asm.org/ Downloaded from (Fig. 2B) . However, as shown in Fig. 2C , this increase in the expression of the CD25 activation marker fell short of the dramatic increase seen following costimulation with anti-CD3 and anti-CD28. These data suggest that prostratin exhibits an activation effect distinct from that of CD3 receptor stimulation.
To further understand the mechanism by which prostratin stimulates T cells, we investigated the stimulatory effect of prostratin in conjunction with the effect of anti-CD28 stimulation. As shown in Fig. 3A , T cells cultured in the presence of anti-CD28 alone did not appreciably upregulate the early activation markers CD69 and CD25. However, when cultured in the presence of both prostratin and anti-CD28 antibodies, cells become fully stimulated, expressing high levels of both CD69 and CD25 on their surface (Fig. 3A) .
Effects of prostratin on cell cycle progression. The interesting costimulatory effects of prostratin in conjunction with anti-CD28 antibodies were also demonstrated (Fig. 3B) . Cell cycle analysis of the different conditions showed that in the presence of prostratin, anti-CD3, or anti-CD28 alone, cells remained largely in the G 0 /G 1 a phase of the cell cycle. Three days following costimulation with prostratin plus anti-CD3, cells were fully cycling and progressed through the G 1 , S, G 2 , and M phases of the cell cycle (Fig. 3B, lower panel) . Thus, prostratin has stimulatory properties on quiescent T cells that are distinct from T-cell receptor-mediated signals. This phorbol ester appears to provide a secondary activation signal for T-cell receptor stimulation and can also provide a primary activation signal in conjunction with anti-CD28 but does not induce cell cycle progression on its own.
Effect of prostratin on HIV latency. Based on the T-cellstimulatory properties of prostratin, we determined its ability to reactivate latent HIV infection in the SCID-hu (Thy/Liv) model. This model is constructed by implanting pieces of human fetal thymus and liver under the kidney capsule of a SCID mouse, resulting in a conjoint organ (Thy/Liv) which functionally resembles a normal human thymus (20) . Infection of the Thy/Liv implants with HIV-1 results in the loss of CD4-positive subsets in a manner similar to that observed in humans (1, 3, 22) . Human thymocytes and lymphocytes from SCID-hu mouse peripheral blood and spleen were harvested from animals harboring Thy/Liv implants infected with the CCR5-tropic strain HIV JR-CSF . The infected thymus demonstrated loss of CD4 ϩ
CD8
ϩ thymocytes, indicative of active infection (Fig. 4A , upper panel). We obtained purified CD4 single-positive (SP) thymocytes, pooled peripheral blood and splenocytes from SCID-hu mice, and cultured them in the presence of AZT and a protease inhibitor to prevent viral replication. We then stimulated these cells either with antibodies to CD3 and CD28 or with 1 M prostratin alone. Costimulation of both CD4 SP thymocytes and pooled lymphocytes resulted in increased viral p24 production from infected cells. Interestingly, the addition of prostratin alone was also able to induce substantial viral p24 expression (Fig. 4A, lower panel) .
To define at the single-cell level the effects of prostratin on reactivation from latency, Thy/Liv implants were infected with the CXCR4-tropic reporter virus NL-r-HSAs, which contains cDNA sequences for murine CD24 inserted into the VPR region of HIV . The viral long terminal repeat directs expression of murine CD24; thus, productively infected cells can be visualized by flow cytometry (16) . CD4 SP, muCD24-negative thymocytes were isolated and cultured without stimulation, costimulated, or cultured in the presence of prostratin for 3 days. The addition of prostratin to the infected thymocytes induced viral expression from a percentage of cells similar to that observed following costimulation (Fig. 4B) . These data exemplify the ability of prostratin to reactivate latent HIV expression to an extent similar to that observed following costimulation.
Effect of prostratin on de novo HIV infection. To determine if prostratin treatment allowed de novo HIV infection, cells were treated with 1 M prostratin for 3 days and then infected with the CXCR4-tropic strain HIV NL4-3 . We then performed real-time PCR to quantitate initiated versus completed viral reverse transcripts 18 h postinfection. The data in Table 1 indicate that, in contrast to what was seen in costimulated cells, reverse transcription was not completed in prostratin-stimulated or unstimulated resting cells. Additional studies (not shown) established that viral p24 protein was not produced into the supernatant of cells stimulated with prostratin. Thus, while prostratin activation stimulates expression of integrated latent HIV, it is not sufficient to allow de novo infection.
DISCUSSION
In the present work, we studied the ability of the naturally occurring compound prostratin to induce the expression of latent HIV from naïve CD4 ϩ T lymphocytes. We initially determined prostratin's effect on the state of activation of quiescent peripheral T cells and evaluated optimal concentrations for use in the latency experiments. Our data show that while prostratin by itself does not induce proliferation in resting T cells, it does provide a novel signal to the cells. This effect results in no increased DNA synthesis and in little cellular RNA upregulation, and the cells progress only to the G 1 a phase of the cell cycle ( Fig. 1 and 3B) . Here, only upregulation of expression of the early activation marker CD69 is seen ( Fig.  2 and 3A) . We used our recently described SCID-hu mouse system to study the effect of prostratin on HIV latency. Our data clearly show that prostratin alone is able to induce viral expression from latently infected CD4 ϩ thymocytes and naïve lymphocytes (Fig. 4) but is not sufficient to allow de novo HIV infection (Table 1) . These results are consistent with the minimal cellular activation effects of prostratin. These effects may offer prostratin an advantage as a potential treatment for individuals in addition to HAART to help reduce the latently infected cell HIV reservoir. Activation to induce productive infection in the   FIG. 4. (A) Effect of prostratin on HIV latency. Upper panels, mock-and HIV JR-CSF -infected thymocytes were harvested 5 weeks postinfection (day 0), stained with antibodies to CD4 and CD8, and analyzed by flow cytometry. Lower panels, thymocytes were then cultured without stimulation, costimulated with antibodies to CD3 and CD28, or cultured in the presence of 1 M prostratin. p24 in the supernatant was assessed as described in Materials and Methods. The dotted line indicates the level of detection of the ELISA. (B) Effect of prostratin on HIV gene expression. NL-r-HSAs-infected CD4 SP thymocytes were isolated as described for Fig. 3 and cultured under the described conditions. Three days following stimulation, cells were stained with anti-mouse CD24 to detect HIV-encoded receptor gene expression. Gates were set according to mock-infected thymocytes cultured in parallel so that the background was Ͻ1%. Percentages indicate reporter expression and induction from latency. a Quiescent peripheral blood cells were cultured for 3 days. Cells were either left unstimulated, costimulated with anti-CD3 and anti-CD28, or prestimulated with 1 M prostratin. Cells were then infected with the HIV molecular clone NL4-3. DNA was extracted 18 h postinfection and subjected to real-time PCR to quantitate initiated versus completed viral reverse transcripts. Results are expressed as the percentage of initiated reverse transcripts that completed the reverse transcription process and were determined by the following formula: % reverse transcription ϭ (completed DNA copies/initiated DNA copies) ϫ 100; these values are indicated for each of the conditions. Results from two separate experiments are shown.
context of HAART may allow clearance of the infected cell either by immune-mediated mechanisms or by direct viral cytopathic effects while at the same time preventing de novo infection of additional T cells. Because prostratin does not induce full activation of these cells and does not utilize the CD3 stimulation pathway, it is unlikely that anergy will be induced following stimulation with this agent. Additional studies must be performed to assess this. It will also be of interest to determine if short pulses of prostratin treatment would be sufficient to induce expression of latent virus. Nonetheless, prostratin appears to induce robust virus expression with minimal effects on T-cell activation.
Brooks et al. (4) and Chun et al. (5, 6) have previously studied the ability of several proinflammatory cytokines to induce HIV-1 replication in latently infected CD4 ϩ T cells. In addition, Chun et al. (6) showed a decrease in the pool of latently infected resting CD4 ϩ T cells in HIV-1-infected individuals receiving intermittent administration of interleukin-2 together with HAART. However, prostratin appears to be able to stimulate latent virus more efficiently in our system than did interleukin-2, which in our system previously showed minimal effects on virus expression (4) .
Our data identify a compound that might potentially be used together with HAART in HIV-infected individuals to help eradicate virus that is hidden within latently infected, resting CD4 ϩ T cells. The effective concentrations of prostratin used here were not overtly toxic when achieved by oral administration to mice (Michael R. Boyd, personal communication). In recent studies, Kulkosky et al. (19) confirmed the ability of prostratin to induce the expression of latent HIV-1 both from latently infected cell lines and from patient peripheral blood cells. Taken together with our studies, these results suggest that prostratin has the potential to activate the expression of latent HIV in vivo with minimal activation effects on the immune system.
